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ABSTRACT The rocG Kcnu ty{ Bacillus subiilis, encoclinp a 
catabolic glutamate dchydru^cnnbC) b tr;inscribod by Si^L 
(rr'^'')-containing RNA polymcniiie and rcquiro; l*or Its expres- 
sion RocR, a member of the NtrC/NifA rumily of proteins that 
bind tu cnhADCcr-Ukc elements, called upstream activating 
sequences (UAS). Unlike the c»se Tor other o^-dcpcndcnt 
gcnob, rocG h«s no UAS; instead, its expression depends on A 
sequence located 1*5 kilobasvs downstream of the rocG pro- 
moter, beyond the end of the rocG coding region. The same 
sequence also servus as the UAS for the downfitreani rocAIiC 
opvron and can activate rocG IV moved upstream of its 
promoter. Furthermore, the activating sequence can be moved 
as Tar as 15 kilobases downstream oT the rucG promoter and 
still retain partial aetivity* 



Enhancer elements und enhuncer-binding proteins arc wide- 
spread components of transcriptional regulation systems in 
cukaryotcs (1). Enhuncer-like elements also have been de- 
scribed in bacteria. In most cases, they arc the upstream 
activating sequences (UAS) required for expression of genes 
iranscribed by RNA polymerases containing (r^'^ (RpoN)-iikc 
subunits (2-5), To initiate transcription* cr^''-containing RNA 
polymerases must interact with additional proteins, members 
of the NtrC/NifA family, that bind 10 UAS usually located 
100-200 bp upstream of the regulated genes (2-5). U has been 
shown that UAS can be moved 1-2 kilobasics (kb) further 
upstream from the regulated genes without losing their ability 
to interact with UAS-binding proteins and to activate expres- 
sion of the regulated genes (6, 7). A UAS placed downstream 
of the promoter or even on a separute, catenated, plasmid 
DNA retains its functional activity in an in vitro assay (8, 9), but 
no functional bacterial enhancer-like element has yet been 
found to have a natural location far downstream of the 
promoter it regulates, despite the fact that this is a common 
feature of cukaryotic enhancers (1), 

The Bacillus suhtilis si^'L gene encodes a homolog of the cr*"^ 
subunit of RNA polymerase (10), and three B. suhfili:; UAS- 
binding proteins, tevR, RocR. and BkdR, have been charac- 
ieri7-ed (11-15). RocR controls two operons, rovAISC and 
rocOEF, involved in argininc degradation to glutamate (Fig. 
1). Both opcrons have SigL-depcndent promoters and arc 
induced by arginine, ornithine, or proline (13, 14, 16). In the 
present work, we show that the B. suhuUs rocG gene, encoding 
a major catabolic glutamate dehydrogenase (GlutDH) (17), is 
a member of the RocR regulon. RocG activity (glutamate + 
NAD 2-kctoglutaratc + NH3 + NADH) cim be viewed as 
the final step in the use of arginine, ornithine, and proline as 
carbon or nitrogen sources (Fig. 1), Two unique features of 
rocG expression arc the location of the apparent RocR binding 
site downstream of the rocO coding region and the ability of 
this site to act at distances as far as 15 kb from the tocC 
promoter. 
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MATERIALS AND METHODS 

Bacterial Strains and Culture Media. P. stthfilis strains used 
in this study arc derivatives of wild-iypc strain SMY and were 
constructed by chromosomal DNA or plasmid transformation 
as described (17). Cells were grown at 37*'C in TSS minimal 
medium (18) with 0.5% glucose or 0.4% succinate as the 
carbon source and 0,2% of other carbon or nitrogen sources. 
Other microbiological procedures were as described (17). 

riasmid and Strain Constructions* General methods for 
DNA manipulations and transformation were as described 
(17). The genetic and restriction maps of the rocG locus and 
some of the plasmids used in this study arc presented in Fig. 
2. Plasmids were constructed as described below or by deleting 
or subcloning fragments of the rocG region (17, 10). 

Conatruction o/rocG-lacZ fusions. The 1.22-kb Psd-Eco JKl 
fragment (Fig. 2) containing the 5 '-part of rocG and 692 bp 
upstream of the rocG initiation codon was excised from 
pBfi907 (rcf. 17; Fig. 2B) with BaniHl and EcoKl and was 
cloned in pJPM82 (20), The resulting plasmid, p3B9l4, con- 
tained the rocG fragment fused to the promotcrless Esclit- 
richia coli hcZ gene in the proper orientation. pBB923 (Fig. 
2A) was created from pBB9l4 by deleting the 3'-terminal 
0.1 6-kb Sacll'EcoRl fragment of the rocG insert. To construct 
pBB986 and pBB993, the 0.37-kb BsrYl-Bcll fragment con- 
taining the 3'-end of rocG and additional 106 bp of down- 
stream DNA (Fig, 2) was cloned in two orientations in the 
^f/;7zHI site of pBB923 upstream of the Psfl-Sacii insert, 
rocG'lacZ fusions were integrated into the chromosome (Fig. 
lA) cither at the amyE locus by a double-crossover rccombi^ 
nation event as described (17) or at the rocG locus by a 
single-crossover recombination event. The location of fu.sions 
at the rocC locus was verified in genetic crosses with linked 
markers. 

Construction of a rocG null mutant, A deletion-insertion 
mutation within the rocC gene (pBB956: Fig. 2B) was made in 
a manner similar to that described for pBB918 (17) by replac- 
ing the 0,«5-kb EcoRl-Bcll fragment of pBB907 (Fig. 2B) with 
the 1,6-kb EcoRl'BunjHl hie cassette, excLsed from pJPM136 
(17), Strain BBI541 containing the A(rocG-DASy,:Mc allele 
was constructed as described for strain BB1284 ( ArocOMc) 
07). 

Plasmid pBB921 (Fig, 2B) was constructed by cloning the 
2.1-kb Pstl'Bcll fragment cut from pBB907 (Fig, 2B) with 
BumVW and Bell in the BanMl site of pJPM82 (20) (the 
direction of rc;cG transcription in this plasmid coincides with 
that of the lacZ gene). pBB967 (Fig. 2B) was made in a similar 
way by cloning a 2.0-kb BamWl-BumHl PGR product that 
contained the entire rocG gene and 9 bp of the downstream 
region. 



Abbreviations: UAS. upMircum uciivuiing scquenec; GluiDH, gluia- 
mule dchydrogcnjisc; DAS, clownslrcain activating sequence; kh, 
kilol)a?<c. 

*To whom reprint reqacsts should t>c addressed at: Dcparimciu of 
Molecular Biology and Microhiology* Tufis Universiiy School of 
Medicine, 136 Harrison Avenue, Bosion. MA 02111. e-mail: 
asoncns])^;upul.iufts.cdu. 
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Fig, 1. The pathway for aifiininc iind ornithine use. The foltowing 
enzymes are sihown on ihi*: figure by the names of their corresponding 
genes: RocC und RocE» pvitmive argin in o/omi thine permeases; RocF, 
urtjinuNc; RocD, amiihine aminotransferase; RocA and YcgN, A'- 
pyrrol inc-5-curboxylaie dehydrogenases; RocG, glutamatc dehydro- 
genase. Proline is converted to gluiamutc via A'-pyrrQlinc-S- 
carboxylate. The proline degradation pathway shares RoeA/YcgN- 
and RoeO-de pen dent steps with the /oc-puthway. 

Plasm id pBBI023, lacking the 106 bp of the downstream 
activating Jicqucncc (DAS)/UAS region, was constructed from 
pBB9a7 (17) by replacing the 2.i-kb Psrl-Bcil fragment (as in 
pBB92l) with the 2.0-kb Pi-rl-BamHl fragment of pBB967 
(Fig, 2^). Strain BBI664 (ADAS/UAS) has the deletion 
munition of pBB1023 in the chromosomai rocG rocA locus. It 
was isolated as a spontaneous derivative of a .strain carrying an 
integrated pBBI023 at the rocG rocA locus in which the 
plasmid (and its ncomycin-rcsistancc gene) had been elimi- 
nated by recombination. The replacement of the chromosomal 
rocG wcA locus by its ADAS/ U AS allele was confirmed by 
comparinjj sizes of the PGR fragments from the wild-type and 
mutant chromosomal loci. 

A rocD\\apltA3\\spc strain was constructed from the 
rocD::apM3 mutant (14) by inactivating the apM3 marker by 
a double-crossover recombination event using pBB838. The 
latter plasmid was constructed by cloning the 1.1 -kb bUmi- 
cndcd i77c-casscttc, cut from pJL73 (21) with BamHl and 
EcoRl, into the BIpl site of the aphAJ insert of pDG782 (22). 
The direction of spc transcription in pBB838 coincides with 
that of the ap/tA3 gene. 

Enzyme Assays. /5-galaCtOsidasc activity was determined as 
described and was expressed in Miller units (17). GlutDH 
activity WHS assayed and expressed in units as described (17), 

RESULTS AND DISCUSSION 

Identification of the rocG Promoter. The results of genetic 
analysis placed the rfx:C promoter between the Clal site and 
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Fic, 2. The genetic map of the rocG region (19) and plasmidu 
earrying different parts of this region. The structure of the chromo- 
some resulting from integration of pBB923 at the rocG or amyE locus 
is shown. For pBB956, pBB921, and pBB967, such integration events 
are shown in Fig. 4 (see strains BB1541, 1566, and 1568, respectively), 
Flasmids pBB907, 956, and 1023 arc derivaiivcs of pBB544 (20), and 
pBB921, pBB923, and pBB967 urc derivatives gf pJPMa2 (20), Plasmid 
pBB907 was described previously (17), Restriction sites arc abbrevi- 
ated as follows: A, /ted; B, BarnHh Be, BclU Bt, ^jrYl; C, Clal; E, 
JTcoRI; P, PstJ; S, S<tcU\ X, Xhol. The A'//oI and Bamlil sites were 
egnstrucicd by PCR. The locations of the rocG and rocA promoter 
regions arc indicated by right-angle arrows. The iacZ gene and the 
vector part of the plasmids arc not to the scale, 

the rvcO initiation codon located upstream of the >lccl site 
(Fig. 2), Integration into the chromosome of a plasmid, 
carrying an internal AccUEcoRl fragment of rocG (Fig. 2), 
disrupted the rocG gene and caused inability to use argininc, 
ornithine, or proline as sole carbon source, characteristic of a 
rocG null mutant (17). In contrast, a strain with an integrated 
plasmid, carrying the Cial-EcoRl fragment (Fig. 2). retained 
the wild-type growth phenotype and thus was able to express 
the rocG gene. 

A primer extension experiment identified two closely 
spaced, apparent iranscription start points for rocG at posi- 
tions G(-87) and G(-85) with respect to the rocG initiation 
codon (Fig. 3)» ^90 bp downstream of the Clal site, A putative 
SIgL-dependent promoter had been recognized upstream of 
the rocO gene (ref. 19: in rcf. 19, the rocG gene is referred to 
'd<iipa-75d) (Fig. 3), Our primer extension results are consistent 
with use of this promoter for rocG expression, 

rtK'G Expression Is Repressed by Glucose, Is Induced by 
Ornithine and Argininc, and Depends on Si^L and RocR. 
Several rocG'lacZ fusions containing the rocO promoter re- 
gion but different rt^cC//£/cZ junction points were constructed 
[pBB923 (Fig. 2A )\ data not shown] and integrated at the mcG 
locus of the chromosome, a recombination event that provided 
the normal chromosomal arrangement of QNA sequences 
upstream of the rocG part of the fusion. In glucose minimal 
medium, these fusions were not active (data not shown), but 
their activity could be detected in the absence of glucose when 
.succinate served a<; carbon ,source and ornithine, argin ine, or 
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Table t. Expression of wcC-Z^JC^ fusions 
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T AATOGAl^A QAYITtiTAGY CAGAGAeTC^ GATGTT TTCAfiTCTCl TT 
TTTTQTOQATTqAAAAGCTOOTAOQaATCTTaCATaATaATAAQO 

ftHTTAC A TT AGAaecaaecSAAAAAAACAATGAGOTSAAAAAG ATQ 
C£pAbOX 

Flo. 3. Dcicrminulion of ihu mc(j iraristifipiiun start site. Primer 
oBD56 C^»'CTTAATGATTGTTTGGGTAGAC)» corrcspondini; lo 
positions +78 to +57 with respect to the rxtcG initiation codon, was 
cxiendccl (17) witli Supcrscripi TI reverse irunscriptasc (GIQCO/ 
DRL) by using ioi;il RNA (17) from the following sources: kmc I, B. 
siihtiUs strain SMY grown in gtucosc>ummoniu medium; kmc 2, strain 
SMY grown in giuco^c-tifnmonia-omithinc medium; kmc 3. strain 
SMY grown with proline ;w sole carbon und nitrogen source; lane 4, 
u rocR nuU mutant grown in ^lucose-ammonia-orniihine medium; or 
lane 5, Scicdturomyctix cc/tvLsUic (Sigma) as templates. The sequence 
of the nontcmplaio strand of plasmid pBB916Iconiains ihcPst}-EcoRl 
fragment (Fig. 2)) obtained by using oBB56 as primer is shown io the 
left. The sequence of the mcG regulatory region (19) is shown at the 
bottom. The icrmin{\iion codon of>^tr/1, the -12 and -24 promoter 
regions, the apparent transcription start points, and a likely inlliiilion 
eodon for the wcC gene arc in bold. TIic directions of transcription 
and tr;mskttion are indicated by horizontal arrows. Tl>e ClaJ site used 
in plasmid construction, the dyud-symmciry sequence of u pwttitivc 
^McA transcriptional icrminutor, und a putative CcpA box (cre site) 
(24, 25) arc underlined, 

proline was present (Table 1; data not sl^own). Repression by 
glucose of the rocG gcnc» even when ornithine is provided, is 
mediated by catabolitc control protein CcpA (23) (data not 
shown). A putative CcpA binding site (24, 25) in the rocG 
regulatory region is indicated in Fig. 3. Expression of the 
rocG-IacZ fusion in different media correlated with GlutDH 
activity of RocG finable 2; data not shown). 

A mutation in ^^i^^L decreased expression of a rocG-lacZ 
fusion 2:6-fold, i.e., to ncar-t^ackground levels, in ornithlne- 
containing medium (Table I), confirming that rocG expression 
depends in large part on SigL-containing RNA polymerase. 
No glutJimate dehydrogenase activity was detected in a sigL 
mutimt (Tabic 2). 

Expression of rocG-lacZ and accumulation of GlutDH 
activity also depended on RocR because /3-galactosidasc and 
GlutDH activities were reduced ^7-fokI and ^16-fold, respec- 
tively^ in a rocR mutant (Tables I and 2), Primer extension 
experiments confirmed that rocG transcription iu induced by 
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Strain BB1434 and its derivatives contain a mcC-focZ fusion [as in 
pB0923 (Fig. Z'O] i»l ll^c rocG locus of the chromosome. Strain 
BB 1 455 contains the same fusion ai ihu ectopic (unlinked) efm>'£ locus. 
Null mutations in .v/^*L, rucR^ and rocD and the constitutive 
rtH'/?(T1201) mutation were us described (10, 13, 14). Endogenous 
0-Buluctosidasc activity in the ahsence of any r<JcC fusion was 1-2 units 
and was not suHirjictcd, 

ornithine or proline and depends on RocR (Fig. 3). In cells 
containing a constitutive version of RocR, RocR(T120I) (14), 
the requirement for ornithine as an inducer oi rvcG expression 
Was at least partitdly eliminated (Tables 3 and 2). Because /-ocC 
expression is induced by arginine, ornithine, and proline and 
depends on SigL and RocR, rocG belongs to the RocR rcgulon 
and is coordinately regulated with the rocA-F genes, involved 
in degradation of argininc and ornithine to glutamatc (Fig. 1). 
As is the case for other roc genes, expression of wG depends 
on the presence of the AhrC protein (Table 2) (14. 26). 
Because rocG is not induced by gluiamate, it is likely that 
RocG is a dedicated glutamatc dehydrogenase rcspon.sibIe for 
the last step of degradation of argininc and ornithine: i.e., for 
converting glutamatc to 2-ketoglutarate (Fig. I). An argininc- 
induced glutamate dehydrogenase also was described in 
Pscudomonas acrugirioxa (27, 28). 

roeG Requires Downstream Sequences for Its Expression. 
The rocC'lacZ fusions used above were inactive if integrated 
Ht ihnaniyE locus of the chromosome: i.e., at a distance of 661 
kb from the rocG locus (29) (Table 1; data not shown), A 
requirement for additional cis-acting regulatory sites, other 
than the promoter, located upstream of the /VI site or 
downstream of the Sacll site [sec insert in pBB923 (Fig. 
could explain inactivity of the rocG-iacZ fusions at the umyE 
locus. Because we could find no upstream sequence that 
resembles a putative RocR binding site (13, 16), we placed at 
the aniyE locus a construct containing the entire rocG coding 
sequence and 106 bp of the downstream sequence [as in 
pBB92l (Fig. IB)]. This construct was able to complement the 
growth defect of the ArocCMc null mutant and thus contains 
all elements necessary for mcG expression (Fig. 4, compare 
strains BB12S4 and BB1561). In contrast, a similar construct 
containing the entire coding region of rocG but only 9 bp of the 
downstream sequence [as in pBB967 (Fig. 2B)] was not able to 
complement the rocG mutation (Fig. 4, strain BB1563). Wc 
conclude, therefore, that the 106-bp sequence downstream of 
thc/'ocC gene includes an clement required for rocC activation 
at the umyE locus. We called this element a downstream 
activating sequence (DAS). 

Both the longer and the shorter constructs [as in pBB92l 
and pBB9fi7, respectively (Fig. 2B)] were able to complemeni 
the growth defect catiscd by the rocG null mutation when 
integrated at the rovG locus (Fig. 4, strains BDI562 and 
BB1564), although, in BB1564, complementation was much 
less effective. In strain BBi564, the 3'-cnd of the intact rocG 
gene is separated from the DAS by 13.5 kb. Interestingly, this 
result implies cither that the DAS can act at a distance of 
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RocG 


Striiin (ijcnoiypc) 


Carbon and niirogen sQurcc-s 


activity 


BB1268 (wild-type) 


Succinuie + glutamatc 


<40 


BB1268 (wild-type) 


Succinate + glutumuic + ornithine 


049 


BB1552 («ffL::aphA3) 


Succinate + glutamaCc ^ ornitliinc 


<40 


BB15S3 (foc/{A^;:{iphA3) 


Succinate glutumute + omiihinc 


<40 


BB1542 [n)<r/?(T120I)] 


Succinate -t* glutamatc 


763 


BB1542 [roc/?(Tl20l)] 


Succinate + glulamule + ornithine 


82V 


BB1680 (ahrC:uip/tA3) 


Succinate glutamate + ornithine 


<40 



Tlie null muiutiorts m sigL, rvcR^ 
described (10. 13, 14). All strain* 
GuclB-GlutDH(I7). 



rvcDy and ahrC and the coniitiiutive nx:/{(T120I) mutation were as 
carried the ^dB:;tet mutation to avoid any contribution from 



kb from the rocG promoter (Fig. 4, sirtiin BBI564) or that 
sequences upstream of mcC which arc absent at the amyE 
locus but present at the rocG locus, cun compensate for the 
lack of the DAS. 

To test whether sequences upstream ol rocG can substitute 
for the DAS, we cre«iteci a ^(rocG-DAS):\h/c deletion- 
insertion chromosomal mutant (Fifi. 4. strain BB1541) lacking 
the 3'-coding region of rocG und 106 bp of the downstream 
region (as in pBB956 (Fig. 2B)], As was the Ci;se for the 
previously described rocGwbh mutation, the new, extended 
deletion was complemented both at the umy^ and rocG loci by 
u rocG construct containing the DAS (Pig. 4, siniin BBI566; 
data not shown). The A(rocG-DA$yMe deletion was not 
complemented by a construct containing the entire coding 
sequence but lacking the DAS, even when the DAS-less 
construct was integrated in cis at the rocG locus (Fig, 4, strain 
BB1568; data not shown). Thus, the sequences up.stream of 
mcG cannot substitute for the lack of the DAS (Fig, 4, strain 
BB1568). To finally prove the necessity of the DAS for rocG 



1 kk 



expression, we made a chromosomal deletion of the 106-bp 
DAS region [as in pBB1023 (Fig. 2^)]. Strain BB1664 (ADAS/ 
UAS) coiuaining sucl) a deletion had no detectable GlutDH 
activity but could be complemented by a DAS-associatcd rocG 
gene [as in pBB92I (Fig. 2IS)\ located at the amyE locus 
(Table 3). 

We conclude that high glutamatc dchydroijcnasc activity 
was detected in strainswilh integrated rocG pla.smidswhcn the 
DAS was immediately downstream of rocO. Lower, but still 
significant, activity was seen when the DAS was separated 
from the rocG promoter by 15 kb of intervening sequence; no 
acdvity was detected in the absence of the DAS (Fig. 4). An 
intermediate GlutDH activity (~ 150 units) was detected when 
the DAS was placed 6.5 kb downstream of the rocG promoter 
(a plasmid of 4,8 kb containing the 0.45-kb 3'-fragment olrocG 
without the DAS was integrated into the chromosome of a 
wild-type strain). In other words, the presence of the DAS in 
its natural position immediately downstream of rocG (1,5 kb 
downstream of the promoter) or at u distance as far as 13,5 kb 
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FiO, 4. Requirement of DAS for complcmcniution of rocO' mgtntions. Plasmids pBB921 or pBB967 (Fig. 2B) were inicgruicd in the chromosome 
of two different rocG deletion mutunts (strains BB1284 and BB1541) cither at the rocG locus or ut the ccippie omyE locus. The fuH-lcngth rocC 
allele and the DAS arc presented us filled boxes. The vector part of the plasmids (10.5 kb) and the DAS (61 bp) are not lo sc»ilc. The locations 
of the racG and racA promoter regions arc indicated by riglu-iinglc arrows. Growth phenotypc was scored as ability to use ornitliine or proline 
UN .sole carbon and nitrogen source. GlutDH activity was deiermined in sueeinatc-glutamatc-ornithinc medium. 
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Table 3. RocG'GlvitDH aciiviiy in the absence of ihc DAS 



Sjrjiin (genotype) 



RocG uciiviiy 



BB1664 (<^DAS/UAS) <40 

BB 1667 [ADASAJAS ani)E;;mcC (DaS/TJAS"^)] 683 

BBI668 (ADAS/UAS tmiyE\:n?cG (DAS/UAS*)] <4U 

BBlf»fi5 (ADAS/UAS rncOvMpliA3vjipc) 65 

BB1666 (ADAS/UAS (VcD'.UiphA3:ispc rocRX3:'Mp}i/i3) <4(l 

Strain BBI6()4 coniuininj; the Hlfi-bp DaS/UaS deletion unci its 
derivniivcs were grown In sueeinatc«g1utuniatc-ornilhinc medium. T\\c 
null mutJilions in fvcD and tvcR were described, renpccilvdy. in 
Materiuiami Methods and in rcf. 13. All strains curried the ^eJJ3::tet 
Tnutalion to avoid any contribution from GudB-CluiDH (17). 

farther downstream oirocG is a prerequisite for rocG expres- 
sion. 

In the rocG-locZ fusion used in Table 1, the DAS is 
separated from the rocG promoter by 13 kb of plasm id and 
/r)cC sequences (Fig, 2/4). This separation presumably explains 
the low activity of this fusion. The relatively small effect of tlie 
a;c/^(Tl2Ul) n^utation on rocG-lacZ expression (compare Ta- 
bles 1 and 2) also could be attributable to separation of the 
rocG promoter from the DAS. 

The OAS Overlaps the hkABC UAS tind Behavgs as an 
Enhancer. The l06-bp sequence immediately downstream of 
rocG con tains the previously described 6 1 -bp UAS (but not the 
promoter) of the rocABC operon (Fig. 2). This UAS is a double 
dyad symmetry element and is a putative binding site for RocR 
(13, 14, 16). [The phenotypes of strains BB1541 (Fij^. 4), 
BB1664 (Tabic 3), and their derivatives c;irrying the rocG 
(DAS/UAS*^) gene k\X the umyl^ locus indicate that expression 
of the rocABC operon, which should be abolished as a result 
of the UAS deletions, is not required for use of arginine, 
ornithine, or proline and does not affect GlutDH activity.] To 
show more directly ihat this sequence is important for rocG 
activity and can act as a position- and orientalion-indcpcndcnt 
enhancer clement for the rocG gene, wc rcloc«Ued the DAS/ 
UAS upstream of a rocC-hcZ fusion and integrated the 
construct at the amyE locus. The presence of the DAS/UAS 
in the upstream position [as in pBB986 (Fig. 5)] greatly 
stimulated expression of j3-galactosida.se (compare Tables 1 
and 4) [Positioning of the rocABC UAS upstream of another 
SigL-dependent promoter, kvDy also activated its expression 
(14)]. 

Expression of the fusion with the DAS/UAS in the upstream 
position was .still subject to glucose repression (data not 
shown) and depended for its induction on SigL and RocR and 
arginine, ornithine, or proline (Table 4; data not Shown), Note 
that, with this construct, the constitutive rocR mutation al- 
lowed high ornithine-indepcndcnt expression of the rocG-tecZ 
fusion, unlike the case in which the DAS/UAS was separated 
from the rocC promoter by an abnormally great distance 
(compare Tables 1 and 4), Ability of the DAS/UAS to activate 
rocG in the upstream position was independent of its orien- 
tation or its precise position with respect to the rocG promoter 
(Fig. 5). These features were previously demonstrated for UAS 
of other members of the NtrC/NifA family (6, 7, 30-34), The 
ability of the DAS/UAS to activate rocC from cither an 
upstream or a downstream position makes it very unlikely thai 
stability of rocG mRNA is involved in the activation phenom- 
enon. 

The DAS Requirement for rocC Expression Con Be By- 
passed. In otherwise wild-typc cells, rocG expression requires 
the DAS positioned cither at its natural location downstream 
of the gene or relocated upstream or farther downstream of 
roc'G. However, in a rocD mutant, defective in ornithine 
aminotransferase (Fig. 1), this requirement for the DAS was 
partially alleviated. In such a mutant, a rocC-hcZ fusion 
lacking the DAS and integrated at the amyE locus was more 
active in cells grown in the presence of ornithine (Tabic I). 
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Fig, 5. The rocG DAS behaves as a position- and orientation* 
independent enhancer. Derivatives of strain SMY carrying the corre- 
sponding rocG-lacZ fusions at the ectopic amyE locus were grown in 
5ueeinatc<glutamatc>ornithtnc medium, and ^-galactosidase activity 
was detfirmined. The (acZ gene and ihe enlarged fragments of the 
DAS/UAS region are rtoi lo ihe scale, The arrows show gricniQtion of 
the DAS/UAS region. The locations of the rocC and rocA promoter 
regions are indicated by right-angle arrows. The restriction sites arc 
abbreviated as follows: Be, Bdlx Bt. ^J/Yl; F. Pstlx S. SacU. 

Moreover, in the absence of RocD» a full-length rocG gene 
lacking the DAS [rocD mutant versions of strains BE 1563 or 
BB1664 (Fig. 4 and Table 3)] could provide measurable 
GlutDH activity (65-120 units). It was shown previously that 
RocR protein is activated by ornithine and that RocR- 
dependeni expression of the rocD^F operon in ornithine- 
containing medium is higher in a rocD mutant than in a 
wild-type strain (14). It seems likely that a defect in ornithine 
aminotransferase, catalyzing intcrconvcrsion of ornithine and 
A'-pyrrolinc-5-carboxylic acid (Fig, 1), leads to intracellular 
accumulation of ornithine in ornithine-containing medium. 
Under these conditions. RocR may adopt a more active 
conformation thai allows the protein to bind to low affinity 
sites or to interact with SigL without binding to DNA. The 
DAS-indcpcndcnt, ornithinc-stimulatcd expression of rocG 
still depended on RocR (Table 3). Condition.s that allow other 
proteins of the NtrC/NifA family to activate transcription in 

Table 4. Expression of a rocG-lacZ fusion containing the 
DAS/UAS in the wpsiream position 
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Strain (genotype) 


Gluianiuic 


OrniU)ine 


BB1501 (wild-typc) 


2.1 


264.9 


BB15U3 {sisl^VMplxAS) 


1.2 


1.2 


BBI502 {rucR^3\:ufjIi/\3) 


2.0 


L4 


B[il522 [rocR{r\20{}] 


122.6 


225.3 



Struin BB15CI and ius derivatives carry u mcG-iacZ fusion [iis in 
pBBD«6» (Fig. 5)1 ai ihc amyE locus. 
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the absence of their respective UAS luive been extensively 
described (7. 35-37). 

Conclusions and InipHcali^nb* The presence of a functional 
enhancer clement downstream of a cr^'^-dcpendent gene is 
unique to the 5. .vw/>/^//i /*c;cG gene. The single NtrC binding site 
upstream of the/:, coti ghiL gene and immediately downstream 
of the s^tiA gene does not contribute to the NtrC-dcpcndcnt 
activation of the latter gene in vivo (7), although it can activate 
ghiA if placed upstream of the i;hiAp2 promoter (38). In most 
other cai>cs» the corresponding elemenib arc positioned up- 
stream of the regulated promoters (2-5). In several cases of 
divergently transcribed (r^**-dependent genes, enhancer-likc 
elements are found just downstream of the promoters in the 5' 
uncrMniklutcd region or within the N*iermimil coding regions of 
the regulated genes (39, 40). In another case, no UAS could be 
identified upstream of the uri;T promolizr ol Salmonciia typhi' 
murium^ hut neither the presence nor the locution of any AS 
could be ascertained (41)» An attempt to move the nifil UAS 
downstream of the nifH translation start did not result in an 
HCtive construct (42). The apparent ability of the RocR-DAS 
complex to Influence promoter activity from as far away as 15 
kb downstream is an unusual example of enhancer action-at- 
a-distancc. 

Another unusual feature of the rocG enhancer clement is 
that it is shared by the rocG gene and the downstream rocABC 
operon. We imagine that RocR bound to the DAS/UAS 
interacts independently with molecules of SigL-containing 
RNA polymerase at the rocG promoter, located ~J,450 bp 
upstream, and the rocABC promoter, located -^100 bp down- 
Stream. Both interactions likely require DNA looping (43, 44), 
although the strengths and geometries of these interactions 
may be different. In a remarkable case of sequence economy, 
the DAS/UAS appears also to be the transcription terminator 
for rocG. 

rocG is not completely coregulated with the other roc genes. 
In contrast to the rocG gene, which is repressed in glucose- 
containing media by CcpA, the rocAlSC and rocDEF opcrons 
arc highly expressed in minimal glucose medium (13, 16) and 
are not significantly regulated by CcpA (data not shown). This 
differential regulation of the genes of the roc rcgulon could 
reflect different functional roles of the corresponding prod- 
ucts. Although RocF and RocD liberate nitrogen groups from 
arginine and ornithine* respectively, RocG has a dual role, 
providing both ammonia as a nitrogen source and 2-kotoglu- 
tarate as u carbon source (Fig. 1 ), and may therefore be subject 
to more complex rcguhition. Moreover, full RocG activation 
could le^id to depletion of the pool of glutamatCt a major 
cellular anion (45); cells may only allow glutamatc degradation 
in the absence of rapidly mctabolizablc carbon sources. It will 
be interesting to find out whether the downstream position of 
themcG DAS is a prerequisite for differential regulation of the 
rocG and other roc genes, 
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